Canonical interpretation of the newly observed Λ b (6146) 0 and Λ b (6152) 0 via strong decay behaviors 
where the mass gap between these two states are only about 6 MeV. Compared with the masses predicted by the constituent quark model [2] [3] [4] [5] [6] , the LHCb Collaboration suggested that these two states can be assigned as the 1D doublet of the Λ 0 b
states [1] . A singly bottom baryon without strange quark is composed of one bottom quark and two light quarks. These bottom baryons can be categorized into the Λ b and Σ b families, which belong to the antisymmetric flavor configuration3 F and symmetric flavor configuration 6 F , respectively. From the Review of Particle Physics [7] , there exist six Λ b and Σ b baryons, Λ b (5620), Λ b (5912), Λ b (5920), Σ b (5811), Σ * b (5830), and Σ b (6097). The Λ b (5620), Σ b (5811), and Σ * b (5830) are the S −wave ground states undoubtedly. The Λ b (5912) and Λ b (5920) can be well established as the two λ−mode P−wave Λ b states by various theoretical studies [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] . Under the canonical interpretation, the mass and strong decay behaviors indicate that Σ b (6097) can be categorized into the λ−mode Although the LHCb Collaboration suggested that these two states seem to be the Λ b (1D) doublet, other interpretations are possible. In fact, because these two states are observed in the Λ 0 b π + π − final states, they probably correspond to the neutral excited Σ b states [1] . Hence, the newly observed two states have the potential to be the Σ b (6146) 0 and Σ b (6152) 0 resonances, and we also need to examine this I = 1 case. Moreover, the constituent quark model may have significant uncertainties on the mass spectrum, and just perform the mass pattern of these canonical baryon states. Considering the mass uncertainties predicted by the quark model, we find that these two resonances lie in the mass region of the predicted λ− mode Λ b (2S ), Λ b (1D), Σ b (2S ), and Σ b (1P) states. To clarify their nature, the strong decays of the these assignments should be examined carefully.
The studies on these low-lying bottom baryons can help us to understand the nature of these two newly observed resonances and establish the bottom baryon spectrum. Before this discovery by the LHCb Collaboration, the strong decays of the low-lying bottom baryons have been investigated by several works. However, due to the lack of the experimental information, the choices of parameters may be ambiguous and the predictions of these different works do not agree with each other. Hence, it is essential to investigate the strong decays of these low-lying bottom baryons within the unified model and coincident parameters. In this issue, we calculate the strong decay behaviors of these states within the 3 P 0 model systematically. Our results shows that the Λ b (6146) 0 and Λ b (6152) 0 can be assigned as the Λ b (1D) doublet reasonably, while other canonical assignments are disfavored. The predictions of other lowlying bottom states may provide helpful information for future experimental searches. This paper is organized as follows. The 3 P 0 model and notations are introduced in Sec. II. The strong decays of the lowlying bottom baryons are estimated in Sec. III. A short summary is presented in the last section.
II.
3 P 0 MODEL
In this calculation, the 3 P 0 quark pair creation model is adopted to investigate the Okubo-Zweig-Iizuka-allowed twobody strong decays of the excited Λ b and Σ b states. The 3 P 0 model has been widely employed to estimate the strong decay behaviors of conventional hadrons and achieved with considerable successes [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . In this model, the initial hadrons can decay into two final states via a quark-antiquark pair with the vacuum quantum number J PC = 0 ++ [24] . For the baryons, the transition operator T of the decay A → BC can be written as [30, 33] 
where γ is a dimensionless constant reflecting the q 4q5 pairproduction strength, and p 4 and p 5 are the momenta of the created quark q 4 and antiquarkq 5 For the relevant hadrons, the definition of the mock states should be adopted. Take the initial baryon A as an example, the total wave function can be expressed as [43] |A(n
which satisfies the normalization condition
Here, the P A , p 1 , p 2 , and p 3 are the momenta of the A, q 1 , q 2 , and q 3 , respectively. E A is the total energy of the baryon
are the spin, flavor, color, and space wave functions of the baryon A, respectively. The definitions of the mock states B and C are similar to that of initial state A, and can be found in Ref. [30] .
For the decay of the singly bottom baryon A, there are three possible rearrangements, (10) where the q i and b 3 denote the light quark and bottom quark, respectively. These three ways of recouplings are also shown in Figure 1 . It can be seen that the first and second cases stand for the heavy baryon plus the light meson decay modes, while the last one corresponds to the light baryon plus the heavylight meson final states. In our present calculations, the light baryon plus the heavy-light meson decay mode do not exist due to the phase space constraint.
The S matrix is defined as
where the M M J A M J B M J C corresponds to the helicity amplitude of the decay process Fig. 1(b) , the helicity amplitude M M J A M J B M J C can be expressed as [30, 32] ,
where φ 
It should be noted that the
(p) does not only depend on the magnetic quantum numbers, but also relies on the radial and orbital quantum numbers of the relevant hadrons that are usually omitted for simplicity in the literature.
In this work, the simplest vertex with a spatially constant pair production strength γ, the relativistic phase space, and the simple harmonic oscillator wave functions are used as in Ref. [24] . Then, the decay width Γ(A → BC) can be calculated straightforward
where is needed only if B and C are identical particles, and always equals to one in present work.
In our calculation, we take the same notations of Λ b and Σ b baryons as those in Ref. [19] . The explicit notations of relevant excited bottom baryons together with the predicted masses [5] are listed in Table I . For the masses of initial 
is finally excluded via decay width, the predicted mass of this state is employed to recalculate its strong decay behaviors. For the final ground states, the masses are taken from the Review of Particle Physics [7] . For the harmonic oscillator parameter of π meson, the effective value R = 2.5 GeV −1 is employed [38] . For the baryon parameters, we use α ρ = 400 MeV and
where the m Q and m q are the heavy and light quark masses, respectively [41, 44] . The m u/d = 220 MeV and m b = 4.977 MeV are introduced to explicitly consider the mass differences between light and bottom quark [2, 38, 45] . The overall parameter γ, can be determined by the well established Σ c (2520) ++ → Λ c π + process. The γ = 9.83 is obtained by reproducing the width Γ[Σ c (2520) ++ → Λ c π + ] = 14.78 MeV [7, 41] . With these parameters, the calculated decay widths of the ground states Σ b and Σ * b to Λ b π are shown in Table II , which agree with the experimental data well.
In the conventional quark model, only one λ−mode Λ b (2S ) state exists. From Table I Table IV . It can be seen that Λ b (2S ) state is relatively narrow due to the small phase space. The partial decay width ratios of the Λ b (2S ) state are predicted to be
which is independent with the overall parameter γ in the 3 P 0 model. For the total decay width of Λ b (2S ), our result is about three times smaller than that of Ref. [13] . However, our predicted branching ratios agree with the results of Ref [13] , which can provide useful information to search for the Λ b (2S ) in future experiments. state with a normal mass order, the inversed mass order case is also possible physically. Hence, we consider both cases to fully examine the possible assignments. Their strong decays of the Λ b (1D) assignments are shown in Table V . The predicted total decay widths of these assignments are several MeV, which indicate the two Λ b (1D) states are both narrow states. The strong decays of these Λ b (1D) states are also investigated within the chiral quark model [46] , which are consistent with our present results. Compared with the experimental data, our theoretical results seem to be larger. How-TABLE I: Notations, quantum numbers, and the predicted masses of the relevant excited singly bottom baryons. For the spatial 2S excited states, the symbol 2S are added in the brackets. The n ρ and L ρ stand for the radial and orbital angular momenta between the two light quarks, respectively, while n λ and L λ denote the radial and angular momenta between the two light quark system and the bottom quark, respectively. L is the total orbital angular momentum, S ρ is the total spin of the light quarks, j is total angular momentum of L and S ρ , J is the total angular momentum, and P corresponds to the parity of the hadron. The predicted masses of these excited states are taken from the relativistic quark model [5] . The units are in MeV. periments, these assignments are acceptable. Two factors in the quark pair creation model can affect the calculated total decay widths: one is the harmonic oscillator parameter α ρ , and the other is the overall strength γ. The dependence on the harmonic oscillator parameter α ρ of the initial states is shown in Fig. 2 . When the α ρ increases, the total decay widths decrease in a wide parameter range and the total decay widths remain to be several MeV. Within the reasonable range of the parameter α ρ , our results suggest that the Λ b (6146) 0 belong to the same j = 2 doublet, the heavy quark spin symmetry suggest that they may have the similar properties, such as masses and total decay widths. The ratios between Σ b π and Σ * b π channels decay modes may help us to distinguish these two states. For the J P = 3/2 + state, the partial decay width ratios are predicted to be
.07. (19) For the J P = 5/2 + state, the partial decay width ratios are predicted to be
It can be seen that the branching ratio of Σ b π channel is rather small for the J P = 5/2 + state, which may be hardly seen in experiments. Experimentally, 0 may favor the J P = 5/2 + and J P = 3/2 + states, respectively. More information on masses, partial decay widths, and spins are needed to test our present assignments. Decay 
For the Σ * b (2S ) state, the branching ratios are
These branching ratios are independent with the overall constant γ and can be adopted to distinguish these two states. Also, our predicted total widths of Σ b (2S ) and Σ * b (2S ) states are smaller than that of Ref. [13] , while the branching ratios are similar. 
− ), and Σ b2 ( Table VIII . It can be seen that the Σ b (6146) and Σ b (6152) as pure Σ b (1P) assignments can be excluded.
In the literature, the Σ b (6097) observed by LHCb Collaboration [47] are clarified into the Σ b (1P) states [13] [14] [15] [16] [17] [18] . Here, we present the our calculations of Σ b (6097) as Σ b (1P) states in the Table IX 
In the heavy quark limit, the mixing angle should equal to zero. Given the finite mass of bottom quark, the mixing angle may have small divergence between the physical states and the j − j coupling scheme to approximately preserve the heavy quark symmetry. The total decay widths of various assignments versus the mixing angle θ in the range −30 • ∼ 30
• are plotted in Figure 3 . It is shown that the Σ b (6146) and Σ b (6152) as the Σ b (1P) states can be fully excluded. With the mixing angle θ 17 • , the Σ b (6097) can be interpreted as the J P = 3/2 − mixing state, where the j = 2 component dominate. This assignment also agrees with other theoretical works [13] [14] [15] [16] [17] [18] . The the branching ratios are
which are independent with the overall parameter γ and can be tested by the future experiments. Mode 
